vector utilizing the same restriction enzymes. The resulting plasmid pET-Tk1884∆16 was used to transform E. coli BL21 CodonPlus(DE3)-RIL cells. Host cells carrying pET-Tk1884∆16 were induced by the addition of 0.2 mM isopropyl-β-d-thiogalactopyranoside (IPTG) and incubation was continued at 37°C for 4 h, 8 h and 20 h. A control experiment was done using host cell containing pET-21a(+) vector.
Ammonium sulfate precipitation of extracellular Tk1884∆16
Cells at 4, 8 and 20 h post induction were harvested by centrifugation at 8,000×g for 20 min at 4°C. Supernatant was filtered through MF-Millipore Type HAWP 0.45 μm filter to remove any cells left in the growth medium. The filtrate was then brought to 80% ammonium sulfate saturation at 4°C and incubated overnight. The precipitated proteins were separated by centrifugation at 14,000×g for 30 min at 4°C. The pellet was dissolved in 50 mM Tris-HCl, pH 8.0.
Separation of periplasmic fraction
Cell pellets from 150 mL cultures at 4, 8 and 20 h of induction were individually suspended in 20 mL of STE buffer (20% sucrose, 0.33 M Tris-HCl, pH 8.0, 1 mM EDTA) and incubated at room temperature for 10 min and centrifuged at 8,000×g for 10 min at 4°C. The pellet was resuspended in 1 mL STE buffer and 20 mL of ice cold MgCl 2 (0.5 mM) was added. The sample was incubated on ice for 10 min and then centrifuged at 8,000×g for 10 min at 4°C. The supernatant containing the periplasmic fraction was used for further analysis, while the pellet containing spheroplast was used to separate intracellular, cytosolic and membranous fractions.
Separation of intracellular, cytosolic and membranous fractions
The pellet was resuspended in 50 mM Tris-HCl, pH 8.0, and disrupted on ice by sonication to get intracellular proteins. Soluble and insoluble fractions were separated by centrifugation at 14,000×g for 10 min at 4°C. The soluble fraction was used to separate cytosolic and membranous fractions by centrifugation at 138,000×g for 1 h at 4°C. Supernatant was separated as cytoplasmic fraction. The pellet was washed with 50 mM Tris-HCl, pH 8.0, and centrifuged under the same conditions to remove any cytoplasmic proteins. The pellet containing membranous proteins was resuspended in 0.5% sarkosyl in 50 mM TrisHCl, pH 8.0, by mild sonication.
is substantial interest in the elucidation of the molecular mechanisms that allow a polypeptide to move out of the cell [17, 18] . Many of the secreted proteins are known to be synthesized as cytoplasmic precursors containing an additional N-terminal extension, called the signal peptide, that is essential for translocation of the protein across the membrane [19] , where this peptide is cleaved off by a membrane bound signal peptidase [20] . The signal peptide is speculated to play a role in retarding the folding of the pre-protein, in order to keep it in a translocation-competent form, and to assist its targeting to the cytoplasmic membrane [21] .
Previously, we have cloned the α-amylase from Thermococcus kodakarensis (Tk1884), with the native signal sequence and heterologous expression of the gene resulted in secretion of the mature protein to the extracellular culture medium. E. coli signal peptidase cleaved the signal peptide consisting of 26 amino acids [22] . Here we demonstrate the effect of truncation of signal peptide on the secretion of Tk1884.
Materials and methods

Bacterial strains, culture conditions and plasmids
Genomic DNA of T. kodakarensis was used as a source of Tk1884 gene. E. coli DH5α and BL21 CodonPlus(DE3)-RIL cells (Novagen, Germany) were used for cloning and expression, respectively. Both the strains were grown in LB medium (1% trypton, 0.5% yeast extract and 0.5% NaCl). Plasmids pTZ57R/T (Thermo Fisher Scientific, USA) and pET-21a(+) (Stratagene) were used for cloning and expression purposes, respectively.
Cloning and expression of Tk1884∆16 gene
Tk1884 (GenBank accession No. WP_011250835) contains a native N-terminal signal sequence consisting of 26 amino acid residues. Tk1884∆16 with a truncation of 16 N-terminal amino acids of the signal sequence was constructed. This gene was amplified with a shortened signal sequence of 48 nucleotides (Tk1884∆16) by PCR using a set of forward (5'-CATATGGCTGCCGTTGCACAGCCAGCTAGCGCC-3') and reverse (5'-TCATCCAACCCCGCAGTAGCTC-3') primers. The PCR amplified DNA fragment was inserted into pTZ57R/T cloning vector. The resulting plasmid was named as pTZTk1884∆16. The NdeI-BamHI digested fragment from pTZ-Tk1884∆16 was inserted into pET-21a(+) expression
Molecular mass determination
To determine the molecular mass by electrospray ionization mass spectrometry, the purified recombinant Tk1884∆16 was acidified with formic acid and passed through spin column (Amersham). Analysis of the purified recombinant Tk1884∆16 (2-3 μg/μL) was then performed on 6224 TOF LC/MS (Agilent Technologies) by injecting 10 μL of the desalted sample. The data were acquired on MassHunter Workstation using ESI voltage of 3.5 kV, gas temperature 325°C, fragmentor and skimmer voltage 175 and 65 V, respectively, with a drying gas flow of 5 L/min, and a nebulizer pressure of 30 psig. The online separation was performed on the reverse phase RP-HPLC column (Agilent Poroshell 300SB-C-18) at a flow rate of 0.2 mL/min, using a gradient of 2-60% of acetonitrile in 0.1% formic acid (solvent B) with 0.1% formic acid in water (solvent A). The data acquired were then processed for deconvolution using optimized maximum entropy algorithms.
Results
Cloning of Tk1884Δ16
PCR using a set of forward and reverse primers given in the methodology resulted in amplification of 1.3 kbp DNA fragment exactly matching the size of Tk1884∆16 gene (1.338 kbp) (Fig. 1A) . Ligation of the amplified PCR product in pTZ57R/T and transformation of E. coli DH5α using the transformation mixture resulted in appearance of several blue and white colonies on the selection plate. One of the transformants was used to isolate the plasmid DNA. Restriction enzyme digestion of the isolated plasmid with NdeI and BamHI resulted in the liberation of 1.3 kbp DNA fragment confirming the cloning of Tk1884∆16 gene in pTZ57R/T (Fig. 1B) . The NdeI-BamHI DNA fragment was inserted in pET-21a(+) expression vector utilizing the same enzymes. Transformation of E. coli DH5α using pETTk1884Δ16 resulted in appearance of several bacterial colonies on the selection plate. Plasmid DNA isolation and restriction analysis of the isolated plasmid using NdeI and BamHI resulted in the release of 1.3 kbp DNA fragment confirming the cloning of Tk1884Δ16 in pET-21a(+) (Fig. 1C ).
Heterologous expression of Tk1884∆16 gene
We produced Tk1884, an α-amylase from T. kodakarensis, with a truncated signal peptide containing ten C-terminal amino acids of the native signal sequence in
α-Amylase activity assay
The quantitative assay for starch hydrolysis was based on the measurements of reducing sugars by dinitrosalicylic acid (DNSA) method. Assay mixture containing 195 µL of 1% soluble starch solution was pre-incubated at 95°C for 10 min. Then the properly diluted enzyme solution (5 µL in 0.5% sarkosyl solution in 50 mM Tris-HCl) was added and incubated for 3 min at the same temperature. After incubation the reaction was quenched on ice. This solution was then mixed with one volume of DNSA solution (1% DNSA, 0.4 M NaOH and 30% sodium potassium tartrate) and heated in boiling water for 5 min. The absorbance of the solution was measured at 540 nm after cooling to room temperature. A control experiment contained all the reagents except Tk1884∆16.
β-Galactosidase activity assay
β-Galactosidase is an intracellular marker, which can be used to detect any lysis of E. coli cells. Properly diluted intracellular and extracellular protein samples and substrate solution (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 1 mg/mL ortho-nitrophenyl-β-galactoside, 2.7 µL/mL β-mercaptoethanol) were brought to room temperature. The reaction was started by adding 100 µL of properly diluted protein samples to 600 µL of substrate solution and incubated at 30°C for 30 min. The reaction was stopped by the addition of 700 µL of stop solution (1 M Na 2 CO 3 ). Absorbance of the samples was measured at 420 nm.
Purification of extracellular Tk1884∆16
The extracellular recombinant Tk1884∆16 was purified by ammonium sulfate precipitation followed by hydrophobic column chromatography using an AKTA purifier (GE Healthcare). A HiTrap Phenyl HP (5 mL) column (GE Healthcare) was equilibrated with 50 mM Tris-HCl (pH 8.0), and Tk1884∆16 was applied to the column. The column was washed with the same buffer, and proteins bound to the column were eluted with a linear gradient of 50-1 mM Tris-HCl (pH 8.0). Eluted fractions were analyzed by SDS-PAGE, and fractions containing α-amylase activity were pooled, dialyzed against 50 mM Tris-HCl (pH 8.0), and further purified by anion-exchange column chromatography. A HiTrap QFF column (GE Healthcare) was equilibrated with 50 mM Tris-HCl (pH 8.0), and dialyzed fractions after HiTrap Phenyl HP were applied to the column. The column was washed with the same buffer, and proteins bound to the column were eluted with a linear gradient of 0-1.5 M NaCl. PAGE (Fig. 2) . The amount of recombinant Tk1884∆16 increased in all the three fractions taken at 4 and 8 h post induction. However, Tk1884∆16 was decreased in the intracellular (lane 6) and membranous (lane 9) fractions, whereas it was increased in the extracellular fractions (lane 12).
E. coli.
Most of the recombinant protein was produced in soluble form when induced with 0.2 mM IPTG at 37°C. Analysis of the extracellular fraction indicated the secretion of the α-amylase activity in the culture medium. We therefore analyzed the intracellular, membranous and extracellular fractions by SDS- a Intracellular activity (100%) was divided into cytosolic and membranous fractions. 
Purification of extracellular Tk1884∆16 and molecular mass determination
Recombinant Tk1884∆16, from the extracellular medium, was purified to apparent homogeneity by ammonium sulfate precipitation, hydrophobic-interaction and ionexchange column chromatographies (Fig. 3) . Electrospray ionization mass spectrometry analysis of the purified Tk1884∆16 demonstrated a major peak corresponding to 50,223 Da (Fig. 4) matching the calculated molecular mass 50,357 Da, based on the amino acid sequence. 
Levels of the α-amylase activities of Tk1884 and Tk1884∆16 in different fractions
In addition to SDS-PAGE analysis, the α-amylase activities of Tk1884∆16 in the three fractions after 4, 8 and 20 h of induction were examined. Intracellular, periplasmic and extracellular activities after 4 h of induction 92.4% (194,907 U), 6.68% (14,103 U) and 0.87% (1,846 U), respectively, were similar to after 8 h of induction 94% (289,862 U), 4.5% (13,929 U) and 1% (3,025 U). However, intracellular and periplasmic activities were changed to 48% (90,582 U) and 6% (12,373 U), while extracellular activity increased up to 45% (85,502 U) after 20 h of induction. In order to fractionate total intracellular activity into cytosolic and membranous fractions, the soluble fraction was centrifuged at 138,000×g. Activity assays of the samples after 4 h induction demonstrated that 83% (161,968 U) of above described intracellular activity (194,907 U) was found in cytosolic fraction, while 8% (15,102 U) was measured in the membranous fraction. The sample after 8 h of induction exhibited 83% (242,839 U) of the intracellular activity (289,862 U) in the cytosolic fraction and 8.5% (24,910 U) in membranous fraction. The sample after 20 h of induction displayed 92% (83,388 U) activity in the cytosolic fraction, while 6.5% (5,974 U) was found membrane associated. The sum of cytosolic and membranous activities is less than the total intracellular activity, which may be attributed to the loss during washing of membranous fractions. The extracellular activity increased gradually in the extracellular fraction till 20 h of induction. However, the total activity after 20 h of induction was less than total activity at 8 h post induction, therefore some degradation by intracellular proteases cannot be ruled out [23] .
When we compared the α-amylase activities of Tk1884 and Tk1884∆16 in the three fractions after 4, 8 and 20 h of induction, we found that Tk1884∆16 was produced in a remarkably higher amount (68-fold). A comparison of these activities in various fractions is shown in Table 1 .
In order to examine whether the extracellular α-amylase activity was due to translocation of Tk1884∆16 through the outer membrane of the cell or it was the result of cell disruption, we measured the β-galactosidase activity in the extracellular medium. No significant β-galactosidase activity could be detected in the extracellular medium, indicating that the α-amylase activity in the extracellular medium was not due to the lysis of the cells but the translocation of Tk1884∆16 through the outer membrane of the cell. Da), which is less than the theoretically estimated mass (50,357 Da); this may be due to the removal of N-terminal methionine by methionine aminopeptidase of the host [32, 33] . Methionine aminopeptidase has higher affinity for substrates that contain a physically small residue, such as glycine, alanine, serine or threonine, adjacent to the starting methionine [34] . Tk1884∆16 contains an alanine residue next to the initiator methionine justifying the above probability.
Conclusion
In conclusion, our results demonstrated that E. coli secreted recombinant Tk1884∆16 to the extracellular medium without cleaving the shortened signal peptide. To the best of our knowledge, this is the first report describing the secretion, by E. coli, of recombinant α-amylase of archaeal origin with an N-terminally truncated signal sequence.
Discussion
Although the cell membrane and cell wall of archeons and bacteria are significantly different, the signal peptides from these organisms are significantly similar consisting of three regions: an N-region followed by a hydrophobic H-region and a carboxyl terminal C-region, which contains a signal peptidase cleavage site [24, 25] . We have previously produced Tk1884, an α-amylase from hyperthermophilic archaeon T. kodakarensis, with the native signal sequence in E. coli and demonstrated that signal peptidase of the host cleaved the signal sequence of the archaeal origin and the mature protein was secreted in the extracellular medium [22] . In the present study we have shown that deletion of the sixteen N-terminal amino acids, out of twenty six, of the signal peptide resulted in the secretion of the recombinant protein to the extracellular medium but without cleavage of the signal peptide. In this case the shortened, by sixteen amino acids, signal sequence might have been recognized by the E. coli translocase but evaded cleavage by signal peptidase, which resulted in secretion of the protein to the extracellular medium without cleavage of the signal peptide [26, 27] . Another possibility could be that the recombinant protein might contain an internal signal-anchor sequence for protein translocation [28] [29] [30] . In general, shortening of a signal peptide or eliminating the basic amino acids from the signal sequence usually reduces the secretion efficiency [17] . In agreement with this, the secretion of Tk1884∆16 was reduced as compared to the secretion of Tk1884.
However, in contrast to these results, deletion of one of the basic residue from the hydrophilic segment and seven residues from the hydrophobic core of the wild-type signal sequence of maltose-binding protein of E. coli has been reported to still facilitate the secretion of the protein to the periplasm at a rate and efficiency comparable to those of the wild-type structure [31] .
Recombinant proteins appear in a culture medium either by protein secretion through outer membrane or lysis of the host cells during cultivation. To examine whether the extracellular Tk1884∆16 was the result of cell lysis or translocation of the protein through the outer membrane of the cell, we measured the β-galactosidase activity in the extracellular medium. No significant β-galactosidase activity could be detected in the extracellular medium, indicating that Tk1884∆16 in the extracellular medium was not due to lysis of the host cells but secretion through the cell membrane.
Electrospray ionization mass spectrometry determined the molecular mass of extracellular Tk1884∆16 (50,223
